Introduction
Ion flotation is a technology that uses special properties found in the interfaces in order to concentrate ions or other species with electric charge contained in aqueous solutions [1] .
Since 1960, when Felix Sebba introduced the ion flotation concept, extensive research has been carried out on the separation of several of the metal ions found in solution [2, 3] .
Ion flotation involves the elimination of inactive surface ions (metal ions) from the solutions by adding organic chemical collectors, with gas bubbles being generated in the solution [4] . This results in the formation of a colloidal solid complex that contains the metal and the collector as chemical constituents.
Ion flotation is a complex physico-chemical process which first of all depends on the collector amount and on the chemical manipulation of the system to optimize the recovery of aqueous metals.
Several researchers have studied the type and concentration of active surface reagents (collector) by using long hydrocarbon chain compounds with limited or no water solubility [5, 6, 7] . However, the hydrodynamic influence and dispersion properties in the recovery of metal ions by means of ion flotation have not been evaluated.
Many successful ion flotation techniques have been identified for separating several metallic elements of the periodic table from dissolved aqueous solutions (Hualing and Zhine, 1989) [8] . Ion flotation has been widely used at laboratory scale in the recovery of metals such as Cu, Cr, and Ag [9] ; it has been also used to recover silver from X-ray film effluents [10] and to selectively recover gold [11] . Another metal that has been treated with ion flotation is Ge [12] . Cadmium has been also removed from liquid effluents by ion flotation. Polyamide-complexed nickel is another metal that has been successfully removed from aqueous solutions [13] . However, despite the hard work carried out by researchers around the world, the experimentation has been performed in micro-scale equipment, like the Hallimond tube or the batch systems, and little has been done in continuous systems, evaluating the dispersion properties in the recovery.
Ion flotation has been increasingly used in environmental processes to control the heavy metal ions in industrial effluents or to recover metal ions, especially from lixiviation solutions [4] .
Considering the mentioned factors and the poor understanding of the effects of the gas dispersion phenomena on the Cu ++ recovery by means of ion flotation in laboratory scale equipment, we consider useful to develop experimental work in order to understand the effect of the variables Eg, Jg, and Jl, dispersion system geometry and simulated malfunction of the spargers on the elimination of the metal from the solution.
A study of the copper separation from aqueous solutions diluted by ion flotation techniques in a continuous system was carried out by recirculation of the solution during the entire experimental part in the flotation cell. A surfactant and anionic collectors (potassium amyl xanthate) were used. Several experimental parameters were studied and related directly to the metal ion's recovery. Figure 1 shows the installation of the flotation cell where the laboratory experiments were carried out; it is a transparent acrylic cell of 33 cm height and 19 cm diameter.
Experimental procedure
In order to regulate the gas input into the flotation equipment, a calibrated flux meter was used. The air was introduced through three different sparger arrangements (the spargers are made of synthetic cloth): Flat, cylindrical and a battery of four spargers. They were placed on the cell's bottom, as shown in Figure 2 , which shows the general arrangement of the spargers in the equipment.
The feeding and discharge rates were controlled by two previously calibrated Masterflex peristaltic pumps (1-8 lt/min). The pump intakes were placed on opposite sides. The cell was operated at a continuous regime. The first experiments were performed by recirculating the solution in one tank; a second series of experiments was carried out in a five-cell bank, where each stream, concentrate, tails and feeding had an independent tank.
Cupric sulphate synthetic solutions were prepared for the experimental tests in order to have aqueous phase concentrations of the copper ion of 20 mg L -1 . We used propylene glycol 400 as surfactant in concentrations of 30 mg L -1 . The anionic collector potassium amyl xanthate was used in the first experiments in concentrations of 63. 51. 32. 19 and 6.3 mg L -1 ; a constant concentration of 19 mg L -1 was used in the multi stage system.
The solution was fed and discharged in the equipment at similar superficial liquid velocities for both streams when the system was stable in regards of Jg and Jl operation variables (these parameters are defined as the volumetric flow relation of gas and liquid cm 3 /s, divided by the transversal section area of the equipment cm 2 , resulting in cm/s units). The ion flotation process efficiency was analyzed in function of the concentrates, tails, and feeding samples, thus measuring the sampling time and weighing the taken sample. This process was repeated for each Jg studied value. The samples were collected at intervals of twice the residence time [equation (1)]; they were diluted and their copper content was analyzed by a Perkin-Elmer 3100 Atomic Absorption Spectrophotometer.
Where Vzc is the volume of the collection zone, Qg is the gas volumetric flow (cm 3 /s) and (1 -e g ) is the liquid's fraction. In these experiments, the copper recovery in the concentrates was estimated in function of a mass balance from the samples' chemical analysis, expressing the results in copper grams per minute. According to equation (2) 
For the series of multi stage experiments, the recovery was estimated through the accumulative recovery of every flotation stage, given by equation ( 
The gas holdup was continuously monitored by using two methods: hydrostatic pressure and electrical conductivity. The procedure by pressure differences was performed on a length section "L" in the collection zone, measuring the height differences with two manometers installed on the flotation cell's side. The fraction of gas holdup in its simplest form (air system-water-surfactant) is given, under these conditions, by equation (4), where DH is the height difference between both pressure takings.
The conductivity method consisted of collecting data in different cell sections by using an electrical conductivity flow cell [14, 15] . The sensor was connected to a conductivimeter (Tacussel CDVR62), and the gas holdup is given by equation (5), where k d is the dispersion conductivity, and k l is the liquid's conductivity.
The electrical conductivity flow cell was placed in the collection zone (on the same level as the two pressure takings) at nine different positions.
The bubble specific surface area flux Sb, with unit times -1 , is a parameter that considers the effect of the bubble size (which depends on the chemistry, hydrodynamics and characteristics of the bubble generator) and the superficial gas velocity (which depends on the machine's characteristics and on the operating conditions). It is defined as the amount of bubble surfaces moving in a transversal section area by time unit. Besides, experimental data on residence time, mixing time and recirculation were obtained.
Results and discussion

Residence time distribution
The residence time distribution (RTD) was measured by the electrical conductivity method using an electrical conductivity flow cell with graphite electrodes [16, 17] . We used 0.5 L of saturated solution of potassium chloride as a tracer; it was injected into the flotation cell and the electrical conductivity variations were registered every second for nine minutes by a data acquisition system. The conductivity flow cell was placed in the tailings stream. The most important result in the RTD experiments is the residence time measurement.
Another reason for carrying out these RTD experiments was the characterization of the liquid phase's dynamic behavior in the flotation equipment. Figure 3 presents the results of the RTD tests for the flat sparger at different superficial liquid velocities Jl cm/s, Jg of 0.8 cm/s and 30 mg L -1 of surfactant. The obtained curves are common to the perfect mixing regime [16, 17] . In a system that presents perfect mixing with a residence time (t), the flotation rate constant [17] is given by equation (6) .
Where, for a system in perfect mixing regime, the injected tracer is immediately dispersed in the total volume of the equipment. It can be seen on Figure 3 , where a part of the tracer instantaneously leaves the flotation cell, while another part leaves the cell after a long period of time, which means that there is an RTD from zero to infinity.
We observed differences between the estimated RTD and measured RTD, indicating that there are zones with dead volumes and phase recirculation, but the residence time distribution has a general perfect mixing behavior.
Ion flotation in one stage
The reaction mechanism of the copper and of the potassium amyl xanthate, which takes place in the flotation process, is as follows: The cupric sulphate reacts with xanthate to yield cupric xanthate. 
Cupric xanthate, which is unstable, subsequently breaks down into cuprous xanthate and dixanthogen:
The cuprous xanthate is once again oxidized to cupric xanthate by the oxygen that was injected into the flotation cell; cupric hydroxide is also formed.
Then, the cupric hydroxide, which is more soluble than the cupric xanthate, reacts with the potassium amyl xanthate, yielding cupric xanthate.
Once more, the cupric xanthate breaks down into cuprous xanthate and dixanthogen; the total cycle continues in this way, and more xanthate is oxidized by the injected oxygen.
Figures 4 and 5 present the xanthate concentration and the Jg (cm/s) increase effect in the recovery for the flat and cylindrical spargers respectively. Along with the increase of the gas flow rate, there is an almost linear behavior of the xanthate-copper complexes' separation; this linearity subsequently drops at higher Jg values (more than 0.8 cm/s). The experimental results show that the gas holdup rises with the Jg increase (Fig. 6) ; therefore the bubble diameter decreases for both systems. However, this increases the bubble circulation and coalescence.
Increase in the collector concentration brings a competition between the copper-xanthate complexes and the uncomplexed collector molecules for positions on bubble surfaces, presenting difficulties in the separation of the desired species. The excess of xanthate in the copper ion flotation and the circulation of bubbles produced by Jgs above 0.8 cm/s lead to inappropriate hydrodynamic conditions, resulting in poor recoveries in the one-stage flotation.
Experimental observations have shown that the presence of 30 mg L -1 of surfactant tends to keep the spherical shape of the ascending bubbles in the flotation cell. We also found that, when having small bubbles of less than 1mm diameter, the rise velocity decreases; in the absence of surfactant, however, the bubbles take irregular shapes and experience violent oscillations, which trigger the mixing and circulation of the continuous and disperse phases. It can be observed that a bubble size of approximately 1.0mm is obtained in the linear region of e g -Jg (Fig. 6) . Jg values below 0.8 cm/s generate slightly smaller bubble sizes. Small diameter bubbles have low rise velocities, and that is why the bubbles' residence time in the flotation cell increases; besides, small bubbles can be easily recirculated in the flotation cell. Consequently, the mass transfer rate decreases from the collection zone to the froth zone; as a result the recovery decreases too.
We found that, under Jg conditions of 0.1 to 0.8 cm/s, the apparent flotation rate constant (k) of the copper ion has a linear behavior with the Jg and Sb (s -1 ) (Fig. 7) . In ore flotation, a higher bubble surface area flux usually means a higher probability to achieve the maximum recoveries [17] . In ion flotation, however, higher Sb values mean unfavorable hydrodynamic conditions to achieve good recoveries in a flotation cell with spargers. For that reason, Jg values above 0.8cm/s cause a drop in the apparent flotation rate constant.
The recovery of copper-xanthate complexes by ion flotation is a process that follows first order kinetics. Recovery depends on three variables: 1) A mixing parameter, 2) Average residence time, and 3) Rate constant k (min -1 ) [17] . The first parameter was determined from figure 3, obtaining a flux pattern of the perfect mixing type. Points 2 and 3 were obtained from equations 1 and 6 respectively. Figure 7 presents the results on the apparent flotation rate constant k (min -1 ) and on the copper recovery in function to the Jg (cm/s). k (min -1 ) and recovery have similar behaviors. There is a similar behavior in all of the experiments when plotting k (min -1 ) in function of the dispersion properties (e g, Db y Sb). As a result of the multi stage flotation, gas holdup and recovery percentage decrease drastically in each flotation stage for every test. In every experiment the gas holdup was obtained from measuring the electrical conductivity of an average of nine readings in different positions in the flotation cell. zone to the froth zone; the efficiency of the collection process consequently decreases. That is why gas superficial velocities above 1.0 cm/s affect the separation of copper-xanthate complexes in solution; similar results were found with the cylindrical sparger. We found that the ion flotation process' efficiency in terms of the kinetics constant can be related to the following parameters: bubble size, gas holdup, gas superficial velocity and bubble specific surface flux with Jg values from 0.1 to 0.8 cm/s. The results are similar for the three used dispersion systems (flat, cylindrical and battery of four spargers). Figure 11 shows the effect of the liquid superficial velocity on the copper recovery for the flat sparger; it can be observed that in the fifth stage the same recoveries are achieved with higher Jl values (around 94%), clearly accelerating the flotation rate. Optimal recoveries are achieved in relatively short periods.
Multi stage ion flotation system
Effect of the liquid superficial velocity Jl
Similar curves of the accumulative recovery percentage are presented for all the experimental tests in multi stage sytems. The best conditions for ion flotation of copper-xanthate complexes were achieved at a Jg of 0.8 cm/s, Jl of 0.37 cm/s, 19 mg L -1 of xanthate and 30 mg L -1 of surfactant. Figure 12 presents the results of analogous experiments, but this time using a cylindrical sparger and a battery of four spargers. We can observe, for the series of experiments with the cylindrical sparger at a Jl of 0.31 cm/s, better recoveries than the ones obtained at a Jl of 0.19 cm/s; all of this because of the high processing rate and the short residence time of the continuous and disperse phases. However, at a Jl of 0.37 cm/s, the recovery has a drastic drop for both dispersion systems. The reasons are the circulation stream's increase and the disperse and continuous phases' mixing. We found that the best recovery (96%) was obtained at the fifth stage for the battery of four spargers at a Jl of 0.19 cm/s.
In each ion flotation stage, the gas bubble sparger generates additional bubble surfaces for the separation of copper-xanthate from the bulk solution; with each flotation stage a determined amount of Sb (bubble specific surface flux) is obtained, so the sum of the Sb values of every stage is the amount of Sb necessary to achieve recoveries of 96%. In order to obtain similar recoveries in one only stage it would be necessary to have a sparger that generates Sb values of around 500 s -1 , with bubble sizes of around 0.01 mm and a Jg of 0.83 cm/s according to Sb = 6 Jg/Db. The spargers used in this experimental work don't have those characteristics, and we observed that there were parts of the sparger's surface that didn't generate bubbles.
It is clear that with each flotation stage, amounts of froth are produced and spilled. This causes not only the decrease of copper concentration in the solution but also a decrease in the surfactant and xanthate molecules. With the decrease of the reagents' concentration, a decrease in the elimination rate of the copper -xanthate complex during the multi stage flotation is only normal. Besides, the solution's superficial tension increases; it was estimated by a bubble formation procedure [19] . Figure 13 shows how the superficial tension increases along with the stage number. Figure 14 presents the results of the recovery in every stage at a Jg of 0.8 cm/s, 19 mg L -1 of xanthate, Jl of 0.31 cm/s and 30 mg L -1 of surfactant. The surfactant's and the collector's decrease effect is clearly noticeable, and the recovery decreases with each flotation stage, just like the effect that takes place with gas holdup (Fig. 9) , which decreases because of the superficial tension's increase.
In some tests the effect of the sparger malfunction was also studied in the copper ion flotation. It was a simulated malfunction, and was carried out by disconnecting a sparger in the flotation cell. Figure 15 presents the results obtained from these experiments; we observed that the accumulative percentage of the copper recovery does not have a significant variation in the fifth stage for the tests where no sparger was connected. When disconnecting sparger 2 and 4 separately and when simulating their simultaneous malfunction, the separation efficiencies in the fifth stage were of 91%, 92%, 94% and 93% respectively, so, even if the simulated malfunction of the sparger modifies the flows of the disperse and continuous phases in the tested flotation system, equilibrium is achieved, and the bubbles that are not generated in the disconnected sparger are generated in the working spargers. This simulated malfunction causes the gas holdup to be lower in the region just above the disconnected sparger.
The graphs show that the best separation efficiency of copper-xanthate complexes by ion flotation techniques is found in a wide range of hydrodynamic conditions in the cell, thus giving different metallurgical answers, which can be favorable or not.
Conclusions
The copper recovery was carried out in aqueous media by ion flotation techniques in a laboratory flotation cell. The dispersion properties and the hydrodynamic conditions of the process were obtained. The recovery results show that the increase of the potassium amyl xanthate concentration over the stoichiometric concentration of copper considerably affects the separation efficiency. Recoveries of 58% and 66% were obtained for the one-stage ion flotation with the flat and cylindrical geometric systems respectively; we found that the dispersion properties and the bubble specific surface area flux have a behaviour which is linear to the apparent flotation rate constant (k). This behavior is found at Jg values from 0.1 to 0.8 cm/s, giving the hydrodynamic conditions to efficiently carry out the ion flotation.
The results of the gas bubble dispersion in a multi stage system showed that gas and liquid superficial velocities, geometry of the dispersion system and the simulated parger malfunction have a significant influence on the copper recovery. The best recoveries obtained in the multi stage system were of 94%, 90% and 95% for the flat, cylindrical and for the battery of four spargers respectively, with a Jl of 0.37, 0.31 and 0.12 cm/s. The Jg was 0.8 cm/s, with bubble diameters of around 1.0mm and Sb of 44, 36 and 41 s -1 , respectively.
